Evidence suggests that a primary cause of A-T phenotypes is a defect in DSB repair
NHEJ. The efficiency of plasmid recircularization was compared in isogenic wild-type, hdf1, sir, and sir hml␣ Lewis et al., 1998), which generated broken DNA ends that are recognized by the Ku heterodimer (Barnes and strains. Deletion of HML␣ in the sir2, sir3, or sir4 strains restores a mating type proficiency. Consistent with pubRio, 1997; Lewis et al., 1998) .
We compared the EcoRI sensitivity of SIR mutants lished results (Boulton and Jackson, 1998; Tsukamoto et al., 1998), strains mutant for hdf1, sir2, sir3, or sir4 and homologous recombination (rad52) or NHEJ (hdf1) mutants. As expected, hdf1 cells were more sensitive transformed 20-to 50-fold less efficiently with linear plasmid than wild type ( Figure 1B ). Transformation effithan rad52 cells to EcoRI induction ( Figure 1A ). Consistent with a role in NHEJ, strains mutant for SIR2, SIR3, ciencies of the sir hml␣ double mutants were 2-to 5-fold greater than those of the sir single mutants but still or SIR4 were at least as sensitive as an hdf1 strain to EcoRI cleavage. As controls, strains containing the substantially less than that of wild type. This indicates that cell mating type has only a partial influence on the plasmid pRS316 exhibited no change in plating efficiency after 4 hr of growth in medium containing galacrepair of linear plasmid DNA. The contribution of mating type to DSB sensitivity was tose (data not shown).
A plasmid-based transformation repair assay prodetermined by comparing survival of EcoRI induction in wild-type, hdf1, sir2, and sir2 hml␣ strains ( Figure 1C (A) W303AR5 cells containing a plasmid control (pRS316) were arrested in G1 with ␣ factor, shifted to SC-URAϩgal medium for 3 hr, released into YPD lacking ␣ factor, and samples were taken throughout the ensuing cell cycle for immunofluorescence and FACS. Cells were stained with goat fluorescein isothiocyanate (FITC)-conjugated IgG against rabbit anti-Sir3p (green) and DAPI (blue). Cell cycle progression was monitored using FACS analysis to score genomic DNA content from unreplicated (G1) to replicated (G2). (B) Cells containing plasmid-borne EcoRI (YCpGAL:RIb) were analyzed as described in (A). associated with DNA cleavage, genomic DNA from wildan asynchronous culture (data not shown). In contrast, greater than 99% of cells retained telomeric foci in the type and mutant cells was analyzed after induction of EcoRI ( Figure 1D ). By 5 hr of induction, genomic DNA uninduced control. To determine whether those cells showing redistribution of Sir3p were in a particular exhibited cleavage, reducing the average size of DNA fragments from 45 kb to 33 kb. By 10 hr the average phase of the cell cycle, we arrested cells in the G1 phase with ␣ factor and transiently induced EcoRI by changing fragment size in sir2, rad52, and hdf1 mutant strains was approximately 20 kb. The average size of the genothe carbon source to galactose (Figure 2 ). Cells lacking inducible EcoRI were used as a control (Figure 2A ). Sir3p mic DNA from the sir2 rad52 strain after EcoRI induction was approximately 10 kb smaller than from the single localization was then monitored by immunofluorescence after cells were released from the ␣ factor block, shifted mutants, indicating that this strain was particularly deficient in DSB repair.
to glucose media, and allowed to progress through the ensuing cell cycle. Cells retained a telomeric staining pattern as long as they were held in G1, even under Cell Cycle-Dependent Relocalization of Sir3p To test the possibility that the Sir complex can relocalize continuous EcoRI induction (data not shown). When damaged cells were allowed to pass from G1 to S phase, in response to DNA damage, we induced DSBs by expressing EcoRI and determined the resulting distribution Sir3p redistributed in a diffuse pattern throughout the nucleus in greater than 90% of the cells ( Figure 2B ). As of Sir3p. After 3 hr of EcoRI induction, a diffuse but intense pattern of Sir3p staining was observed throughthese cells exited S phase, Sir3p staining returned to its telomeric pattern. out the nucleus in approximately 20% of the cells in The above results show that Sir3p is released from III at the MAT locus using a galactose-inducible HO endonuclease. To prevent DSB repair by homologous telomeres in response to EcoRI-generated DSBs. Further, the release only occurs upon entry into S phase, recombination or gene conversion using homologous sequences at HML and HMR, we utilized a strain deleted after which normal telomere localization returns in G2.
for these loci (gift of S. E. Lee and J. Haber). Unlike the repair of the EcoRI breaks, the repair of the chromosome A Single DSB Can Elicit Sir3p Redistribution As a further test that Sir3p responds specifically to III DSB in this strain is inefficient, so damaged cells traverse S phase and arrest in G2 (Lee et al., 1998). DSBs, a single break was introduced into chromosome Sir3p-associated chromatin was cross-linked in vivo, whether the DNA damage checkpoint pathway is required for release of the Sir complex, we followed Sir3p extensively sheared, immunoprecipitated, and analyzed by PCR. Telomeric DNA was analyzed using primer pairs localization in mec1-1 ( Figure 5A ) and rad9⌬ ( Figure 5B ) strains after induction of DSBs. Under the conditions to detect target sequences 300, 3500, or 5800 bp from the right end of chromosome VI (TEL-300, TEL-3500, used here, mec1-1 or rad9⌬ strains proceeded through the cycle only slightly faster than wild type (data not and TEL-5800, respectively; Figure 6A ). To determine the specificity of the antibody for Sir3p-associated chroshown). Cells in similar stages of S phase progression are compared in Figure 5 . In both mutant strains, Sir3p matin, wild-type or sir3⌬ strains were subjected to ChIP analysis with the TEL-300 primer pair. The absence of remained telomeric throughout the cell cycle. In isogenic wild-type strains, EcoRI induction resulted in normal detectable product after PCR from the sir3⌬ precipitate demonstrates that the presence of Sir3 protein is reSir3p redistribution (data not shown). Thus, in addition to their roles in cell cycle arrest and transcriptional quired to immunoprecipitate telomeric DNA with the anti-Sir3p antibody ( Figure 6B ). activation, Mec1p and Rad9p communicate with telomere-bound proteins, resulting in redistribution of the The association of Sir3p with telomeric chromatin was monitored both before and after induction of EcoRI exSir complex. We also examined whether another PI 3-kinase-related protein, TEL1 (Morrow et al., 1995) , is pression and a strain mutant for RAD9 was included as a control. Following DSB induction, the ability to involved in Sir3 redistribution. In a tel1⌬ strain, the redistribution of Sir3p following EcoRI induction was similar immunoprecipitate Sir3p-associated telomeric heterochromatin was reduced substantially in wild-type but to to the wild type (data not shown).
a much lesser degree in the rad9⌬ mutant using the TEL-5800 primers ( Figure 6B ). This finding corroborates Sir3p Dissociates from Telomeric DNA To obtain independent confirmation of Sir3p dissociathe immunofluorescence data and indicates that Sir3p leaves telomeres in response to DSBs. Dissociation of tion from telomeric DNA following induction of DSBs, we utilized chromatin immunoprecipitation (ChIP) analysis.
Sir3p from telomeric heterochromatin was more easily detected further from the chromosome end, with a maxiSir3p has previously been shown to physically associate with telomeric DNA up to at least 5 kb from chromosome mal dissociation difference between the wild type and rad9⌬ observed using the TEL-5800 primers, and a miniHowever, two observations argue against this possibility. First, we used polyclonal antibody directed against mal difference using the TEL-300 primers. This may indicate that silent heterochromatin disassembly begins at full-length Sir3p, minimizing the chance that detection will be substantially altered due to conformational changes. processing by the NHEJ machinery. To determine whether Sir3p could associate with DNA adjacent to a DSB, cells were arrested in G1, damaged
Direct Role for Sir Proteins in Repair of DSBs by EcoRI induction, and released into S phase. Samples
Previous work has demonstrated that SIR2, SIR3, and for ChIP analysis were taken 45 min after release into SIR4 are required for the efficient recircularization of S phase, at a time when maximal Sir3p release was linear plasmids by NHEJ (Boulton and Jackson, 1998; observed. Additional samples were prepared from asyn-
Tsukamoto et al., 1998). More recently it was suggested chronous, untreated cultures. Probing immunoprecipithat the role of SIR genes in NHEJ was mediated inditates with EcoD-1 and EcoD-2 demonstrated that Sir3p
rectly by a change in the cell mating type in sir mutants was not associated with DNA in these regions in either (Astrom et al., 1999). Here, we provide three lines of a wild-type or a rad9⌬ strain either before or after inducevidence for a direct role of the Sir proteins in DSB tion of EcoRI ( Figure 6C ). As in Figure 6C , target serepair. First, the simultaneous expression of a and ␣ quences distal to an EcoRI site were not detected in mating type information in wild-type haploid cells only immunoprecipitates with the EcoD-3 primer pair, before partially influences the efficiency of repair of linear plasor after release into S phase ( Figure 6D, upper panel) . mids. Also, in haploid cells lacking cryptic mating type Strikingly, the EcoP-1 target sequence was detected in loci, deletion of SIR genes reduces the efficiency of immunoprecipitates after release into S phase, but not NHEJ about 3-fold. Second, deletion of SIR2 renders from untreated or G1-arrested cells ( Figure 6D , lower cells hypersensitive to the induction of EcoRI, and this panel). Consistent with the finding that mutation of RAD9 hypersensitivity is not due to the cell mating type. Third, abolishes Sir3p redistribution, deletion of RAD9 abolSir3p can be cross-linked to DNA near sites of EcoRI ished the association of Sir3p with DNA near the EcoRI cleavage, but not to distal DNA, implying that a redistribsite cluster (Figure 6D, rad9) (Taylor et al., 1975 (Taylor et al., , 1994 . This sensitivity appears cycle. Although many forms of DNA damage can stimulate the Mec1p pathway (Emili, 1998), Sir3p release apto be due, in part, to an inability to efficiently repair DSBs, which persist longer in these cells following damage pears to be specific to DSBs. In order to address this -1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11 modifications. Between 10 6 and 10 7 cells were harvested, resusgalactose as the sole carbon source (SC-URAϩgal). Induction was pended by the dropwise addition of 70% EtOH, and incubated at typically carried out for 4-5 hr at 30ЊC.
4ЊC for 6-48 hr. Cells were pelleted by centrifugation for 1 min in a microcentrifuge (12,000 ϫ g) and resuspended in 1 ml of 50 mM sodium citrate buffer (pH 7.4). Cells were dispersed by sonication Survival Assays To test survival following induction of DSBs, all strains were treated and resuspended in 1 ml of 50 mM sodium citrate buffer (pH 7.4) containing 250 g/ml RNase A and incubated for 2 hr at 55ЊC. identically. Cells containing either YCpGAL:RIb or the control plasmid pRS316 were pregrown at 30ЊC overnight in SC-URAϩglu. OverProteinase K (50 l of 20 mg/ml) was added, and cells were incubated for another 2 hr at 55ЊC. Propidium iodide (1 ml of 16 g/ml) night cultures were diluted 1:50 into SC-URAϩglu medium and
